The widespread epidemic of obesity and type 2 diabetes has raised concern for the impact of these disorders as risk factors for cancer and has renewed the interest for studies regarding the involvement of hyperinsulinemia and insulin receptor (IR) in cancer progression. Overexpression of IR in cancer cells may explain their increased sensitivity to hyperinsulinemia. Moreover, IR isoform A (IR-A) together with autocrine production of its ligand IGF2 is emerging as an important mechanism of normal and cancer stem cell expansion and is a feature of several malignancies. De novo activation of the IR-A/IGF2 autocrine loop also represents a mechanism of resistance to anticancer therapies. Increasing knowledge of the IR role in cancer has important implications for cancer prevention, which should include control of insulin resistance and hyperinsulinemia in the population and meticulous evaluation of new antidiabetic drugs for their metabolic:mitogenic ratio. We are now aware that several anticancer treatments may induce or worsen insulin resistance that may limit therapy efficacy. Future anticancer therapies need to target the IR-A pathway in order to inhibit the tumor promoting effect of IR without impairing the metabolic effect of insulin.
Introduction
The insulin receptor (IR) and the IGF1 receptor (IGF1R), both evolved from a common ancestor gene, represent fundamental regulators of glucose metabolism and growth, respectively, in response to nutrient availability. It is now well established that deregulated expression of IGF1R and/or its ligands may have a role in cancerogenesis as well as in cancer progression and resistance to treatments. Recently, the concept that the IR may also be involved in cancer has rapidly evolved as the results of both epidemiological and experimental studies. Epidemiological studies have been stimulated by the growing problem of insulin resistance, mainly due to the worldwide diffusion of lifestyle in western countries. This is associated with epidemic spread of obesity and type 2 diabetes mellitus (T2DM) and consequent chronic subclinical inflammation and metabolic syndrome. A number of epidemiological studies have demonstrated that both obesity and T2DM are important risk factors for a variety of malignancies (Strickler et al. 2001 , Kaaks & Lukanova 2002 , Vainio et al. 2002 , Coughlin et al. 2004 , Vigneri et al. 2006 ) and that hyperinsulinemia is a major cancer risk factor of obese and diabetic patients (Fair et al. 2007 , Pisani 2008 .
Circulating insulin may affect cancer growth and spread in these patients because insulin resistance is normally restricted to the metabolic pathway, whereas IR signaling pathways leading to cell proliferation and migration are unaffected and even enhanced (Jiang et al. 1999 , Cusi et al. 2000 . Moreover, malignant cells often overexpress IRs that may reach or exceed expression levels physiologically observed in classical insulin target organs, such as liver or adipose tissue (Papa et al. 1990 , Belfiore 2007 . Finally, in cancer cells, the functional specificity of insulin/IR signaling is changed because of various mechanisms including altered splicing of the IR gene with the predominant production of IR isoform A (IR-A) that has increased binding affinity for IGFs, enhanced hybrid receptor formation between IR and IGF1R, and autocrine and/or paracrine IGFs production.
This review will focus on molecular mechanisms by which deregulated IRs in malignant cells may contribute to cancerogenesis as well as to cancer progression and resistance to treatment.
Studies linking insulin resistance, circulating insulin, and cancer
Clinical and epidemiological studies Studies on obese and diabetic patients Several recent epidemiological studies have found that patients with obesity, T2DM, and metabolic syndrome are at increased risk for a variety of malignancies (Strickler et al. 2001 , Coughlin et al. 2004 , Vigneri et al. 2006 . Compensatory hyperinsulinemia, consequent to insulin resistance, is a major common factor underlying these disorders and is certainly a strong candidate for the increased cancer risk in these patients.
Many recent papers have focused on cancer risk associated with obesity, T2DM, and metabolic syndrome (Calle & Kaaks 2004 , Rousseau et al. 2006 , Vigneri et al. 2006 ) and we refer to them for a detailed description. Limited evidence suggests that patients with T1DM have also an increased cancer risk, possibly because of the effect of exogenous insulin treatment (Zendehdel et al. 2003) .
Birth weight and cancer risk
Birth weight is affected by the intrauterine environment and correlates with the level of several growth factors, especially insulin and IGF2, but also IGF1 and sex-steroid hormones. Several lines of evidence support the hypothesis that increased levels of these growth factors in pre-and peri-natal life contribute to the expansion of stem cells, with a consequent increased risk for conversion of these cells into tumor cells later in life (Standaert et al. 1984 , McDevitt et al. 2005 , Yan et al. 2006 , Savarese et al. 2007 ; see also 'a possible role for IR-A in cancer stem cell biology and regulation of cell differentiation' below).
High birth weight has been associated with increased risk for certain cancers, including breast and testicular cancer and childhood leukemia. With regard to breast cancer risk, Xu et al. (2009) recently published a metaanalysis of 18 published studies including 16 424 breast cancer cases. They found that women with a birth weight O4000 g had a higher risk for developing breast cancer than those with birth weight !2500 g (odds ratio (OR)Z1.20; 95% confidence interval (CI) 1.08, 1.34). Similar results were found by Park et al. (2008) .
A total of 13 epidemiologic studies regarding testicular cancer were recently subjected to metaanalysis. These studies, encompassing 5663 patients, showed a trend for increased testicular cancer in men with a birth weight O4000 g (ORZ1.12; 95% CI 1.02-1.22; Michos et al. 2007 ).
Some evidence suggest that childhood leukemia may be initiated in utero. A meta-analysis of 32 studies examining the association between birth weight and childhood leukemia was recently published (Caughey & Michels 2009) and concluded that high birth weight is associated with an increased risk of overall leukemia and acute lymphoblastic leukemia.
Although these studies do not directly implicate insulin, it is well established that proinsulin/insulin, together with IGFs, is one important determinant of birth weight (Baker et al. 1993 , Dornhorst et al. 1994 .
Circulating insulin and/or C-peptide and cancer risk
Various studies have directly correlated the level of circulating insulin and/or C-peptide and the occurrence of a particular cancer. A recent meta-analysis of all studies published till 2007 concludes that excess risks of colorectal and pancreatic cancers are associated with increased prediagnostic levels of circulating insulin or C-peptide. No significant association was found among four epidemiological studies on endometrial cancer and C-peptide. Regarding breast cancer, a significant excessive risk was observed only in case-control studies but not in the analyzed four prospective studies (Pisani 2008) . Limitations of this analysis include study heterogeneity with the inclusion of retrospective studies and the fact to be based on a single baseline determination of insulin/C-peptide (Fair et al. 2007 , Pisani 2008 .
In a more recent longitudinal study, carried out in a random sample of 4396 postmenopausal women included in the Women's Health Initiative Observational Study (WHI-OS), repeated measurements of glucose and insulin at years 1, 3, and 6 were correlated with breast cancer occurrence (Kabat et al. 2009) . A group of 1054 women with available blood samples at baseline and at year 3 was also included. It was found that the highest tertile of baseline insulin was associated with a twofold increase in risk in the total population compared with the lowest tertile. No association was seen with glucose levels.
Using the WHI-OS population, Gunter et al. (2009) conducted a case-cohort study of incident breast cancer among non-diabetic women. A total of 835 incident breast cancer case subjects and 816 control subjects were tested for circulating levels of insulin and other variables, including glucose, IGF1, insulin-like growth factor binding protein 3 (IGFBP 3), and estradiol. They found that hyperinsulinemia, and not obesity per se, is an independent risk factor in patients not using hormone therapy (hazard ratio for highest versus lowest quartile of insulin level Z2.40; 95% CIZ1.30-4.41).
In two recent studies, both performed in women enrolled in the Health, Eating, Activity, and Lifestyle (HEAL) Study and diagnosed with stages I-IIIA breast cancer, the evidence of a link between C-peptide levels or insulin resistance and breast cancer mortality has been reinforced. In the first study, carried out in 604 women ), a 1 ng/ml increase of fasting C-peptide level was associated with 35% increase in risk of death from breast cancer. The positive association between C-peptide and breast cancer mortality was stronger in certain subgroups, such as women with T2DM, women with a BMI !25 kg/m 2 , women with a higher stage of disease, and women with estrogen receptor-positive tumors. In the second study, performed in 527 women, it was found that increased homeostasis model assessment index (HOMA) and low levels of adiponectin, both markers of insulin resistance, were also positively and independently associated with breast cancer mortality .
Overall, these studies support an association between insulin/C-peptide and increased cancer risk and mortality.
Experimental studies
In accordance with epidemiological studies, several experimental models for insulin resistance and hyperinsulinemia have demonstrated a positive correlation between circulating insulin levels and cancer development. Mice and rats affected by streptozotocin-or alloxan-induced diabetes were the first and most widely used animal models linking insulin and cancer. These hyperglycemic and insulin-deficient animals developed lower number of tumors with less aggressive behavior compared with control animals. Insulin administration reverted these effects supporting an intrinsic tumor promoting effect of insulin . These results are in concert with the mitogenic effect of insulin described in azoxymethaneinduced colon cancer or precancerous aberrant crypt foci in rats, where injection of medium-acting insulin enhanced tumorigenesis (Tran et al. 1996 , Corpet et al. 1997 . The stimulatory tumor promoting effect of hyperinsulinemia has also been recently better characterized in engineered animal models of breast cancer. Using a transgenic model (MKR) of type 2 diabetic mice, characterized by severe insulin resistance and hyperinsulinemia in spite of a moderately reduced body adiposity and mild dysglycemia, it was demonstrated that diabetes-related hyperinsulinemia affects mammary gland development and breast cancer progression, independently of obesity and inflammation ). IR inhibition or insulin level reduction with insulin sensitizers was sufficient to block mammary tumor burden and progression. Similar results were also observed in chemically induced type 1 diabetes mice, where the destruction of pancreatic b-cells suppresses mammary tumor growth, whereas insulin administration reverts this effects , Cohen & Hilf 1974 , Shafie & Grantham 1981 .
In line with these findings, others have shown that increased circulating insulin levels enhance in vivo the growth of LB-T cell lymphoma. In contrast, insulindeficient diabetic mice and mice fed a low energy diet developed complete resistance to lymphoma growth (Sharon et al. 1993 ). Yet, intraportal transplantation of pancreatic islets into rats with type 1 diabetes promotes hepatocellular transformation (Dombrowski et al. 1997) .
Mechanisms linking hyperinsulinemia and cancer
Increase of IGFs synthesis and/or bioavailability mediated by hyperinsulinemia Insulin resistance may favor an increased stimulation of the IGF1R by increasing IGF1 bioavailability. At least, 80% of circulating IGF1 is produced in the liver under the control of GH, which also regulates liver production of IGFBP3. Insulin also regulates liver IGF1 production, both directly and also indirectly, by upregulating GH receptors. In addition, insulin also increases IGF1 bioavailability through the downregulation of IGFBP1 and IGFBP2, both inhibit IGF1 actions (Frystyk 2004) . In fact, suppressed serum IGFBP1 and increased free IGF1 are observed in the presence of chronic or short-term hyperinsulinemia (Frystyk 2004 ). IGFBP2 does not respond to acute changes in insulin but increases during chronic low insulin concentrations (Sandhu et al. 2002) . Accordingly, low levels of IGFBP2 and high free IGF1 concentrations occur in insulin-resistant patients. The increased IGFs availability and consequent IGF1R overactivation may contribute to cancerogenesis and/ or cancer promotion in hyperinsulinemic insulinresistant patients. The role of IGF1R in cancer has recently been reviewed elsewhere (Pollak et al. 2004 , Samani et al. 2007 , Werner & Bruchim 2009 ).
Direct stimulation of IR in tumor cells
Insulin resistance and compensatory hyperinsulinemia are associated with a defect in the proximal part of the insulin signaling network. In particular, studies Endocrine-Related Cancer (2011) 18 R125-R147 www.endocrinology-journals.org R127 conducted on obese Zucker (fa/fa) rats, as well as in insulin-resistant patients, have revealed that the PI3K pathway is selectively blunted compared with the MAPK pathway (Jiang et al. 1999 , Cusi et al. 2000 . Mechanisms accounting for this selective impairment of PI3K/Akt activation mainly involve serine and threonine phosphorylation of the IR b-chain and/or IRS1 phosphorylation at serine residues caused by increased circulating levels of not esterified fatty acids (NEFA) and inflammatory cytokines with consequent activation of intracellular kinases, such as PKCs (Gual et al. 2005) . Under these conditions, the attenuation of the PI3K pathway contrasts with the effectiveness of insulin in activating the MAPK pathway, which may even increase (Jiang et al. 1999 , Cusi et al. 2000 . Therefore, insulin resistance may cause impaired glucose homeostasis in insulin target tissues, while stimulating cell proliferation in other tissues.
Current evidence suggest that direct stimulation of IR has a more important effect in cancerogenesis than previously thought. In cancer patients affected by insulin resistance, the increased levels of circulating insulin combine with the frequent IR overexpression in cancer cells and may result in abnormal stimulation of non-metabolic effects of IR, such as cell survival, proliferation, and migration. These effects are further enhanced by the altered splicing of the IR gene, which generates a predominant expression of IR-A, which has increased affinity for IGFs, especially for IGF2. These mechanisms will be described in more detail in the following paragraphs.
IR-mediated signaling: relevance to metabolic and non-metabolic effects Insulin is a major mediator of important metabolic functions. Indeed, it coordinates and regulates the storage and release of the body's fuel. Insulin binding to IR triggers the phosphorylation of a complex network of intracellular effectors involved in glucose metabolism and GLUT4 translocation. The PI3K signaling pathway is considered the main cascade responsible for these metabolic actions of insulin. However, insulin may also elicit mitogenic effects that are mainly linked to the activation of the MAPKs cascade, although the PI3K also contributes to IR-mediated cell proliferation and survival. In fact, these two cascades are interconnected and converge on the common mTOR/ p70S6K pathway, a major regulator of cell growth, survival, and metabolism. It is noteworthy that different cell types may use different pathways for proliferation and apoptosis and some pathways are more significant than others during the different stages of development.
Therefore, the preferential activation of specific signals depends on many variables that may affect the predominant metabolic or mitogenic effect of IR. Finally, the cross talk and the interactions among different signaling pathways make the IR signaling even more intricate. A schematic representation of IR signaling is shown in Fig. 1 . Several recent papers address in a comprehensive way the signaling network of insulin and we refer to them for a more thorough description (Barbieri et al. 2003 , Taniguchi et al. 2006 , Taguchi & White 2008 , Cheng et al. 2010 . In this review, we briefly mention the main pathways activated by IR that may be especially relevant to cancer. Some of these pathways may be overstimulated in cancer cells because of excessive availability of ligands (insulin and/or IGFs) and/or IR overexpression, and/or altered balance among IR isoforms or because of other, less characterized mechanisms. The predominant activity of these pathways may be, therefore, involved in abnormal stimulation of cell proliferation and/or survival and/or migration.
As mentioned above, the Ras/Raf/MEK/ERK is the key mediator of mitogenic insulin actions transmitting proliferative signals generated by cell surface receptors and cytoplasmic elements to the nucleus. This cascade is activated by insulin following the phosphorylation of IRSs and Shc and the recruitment of Grb/Sos complex. This complex, in turn, triggers the activation of GTPase Ras. Active p21ras recruits a series of intermediate kinases converging on MAPKs, which in turn phosphorylate a number of substrates (SRC1, Pax6, STAT3, cFos, c-myc, and Elk1) involved in the activation of the transcriptional machinery. In this scenario, p21ras plays a key role because it represents a point of convergence for signaling by a number of growth factors. Indeed, the mitogenic effects of growth factors can be amplified by insulin through p21ras. Insulin stimulates the phosphorylation of farnesyltransferase that, in turn, results in increased cellular pool of farnesylated p21ras and its loading with GTP (Goalstone et al. 1997) . Farnesylation and subsequent carboxymethylation of p21ras is an essential event for anchoring p21ras to plasma membrane, where it becomes available for subsequent activation by growth factors (Goalstone et al. 1997 , Solomon & Goalstone 2001 . The PI3K pathway plays the 'second fiddle' to MAPK cascade, in terms of cell survival signaling, through various mechanisms including the activation of AKT and of mTOR/p70S6K. After insulin binding to IR and subsequent activation of IRS1, activated PI3K catalyses the production of PtdIns (3,4,5) P3 that, in turn, phosphorylates PDK1 and several downstream enzymes, including AKT and PKC. On the basis of the cell context, AKT activates or inhibits several proteins involved in glucose and lipid metabolism (GLUT4, PDE3B, Foxa2, GSK3, and AMPK) but also in cell growth, division, and survival. In fact, AKT phosphorylates the Bcl2 family member BAD involved in the regulation of cell apoptosis. AKT also phosphorylates the transcription factors forkhead proteins (FKHR) and activates the kinase c-Jun N-terminal kinase. Following phosphorylation, FKHR is prevented to translocate into the nucleus where it promotes cell cycle arrest, whereas phosphorylated c-Jun activates the expression of genes mainly involved in the regulation of apoptosis and survival. AKT controls the transcription and the translation processes favoring the translocation of NFkB into the nucleus where it activates pro-inflammatory and survival programs. Furthermore, AKT by inhibiting the TSC1/2 complex activates mTOR. mTOR exists in two distinct multiprotein complexes: mTORC1 (mTOR-raptor) and mTORC2 (mTOR-rictor). Insulin modulates the activity of mTORC1 that enhances protein synthesis by the phosphorylation of two major targets: ribosomal S6 Kinase (p70S6K) and eukaryotic initiation factor 4E binding protein (4EBP1), both positively regulate cell growth (Holland et al. 2004) .
Another important component responsible for directing metabolic versus mitogenic effects in IR signaling is c-Abl tyrosine kinase. Insulin stimulates c-Abl phosphorylation and FAK dephosphorylation, with consequent metabolic predominance in insulin response on target cells (Frasca et al. 2007 ). However, in cells with dysfunctional c-Abl, as it may occur in tumor cells, insulin induces FAK phosphorylation and cell proliferation, survival, and migration (Frasca et al. 2007) .
The growth promoting effects of insulin could also be mediated by a complex cross talk with b-catenin/Wnt cascade. It is well known that both IR and the canonical Wnt pathways contribute to GSK3 phosphorylation, thus increasing b-catenin stability and its nuclear translocation. Nuclear b-catenin, in turn, binds Lef/Tcf transcription factors and activates target genes involved in cellular proliferation or differentiation programs, such as cyclin D1 ( Endocrine-Related Cancer (2011) 18 R125-R147
www.endocrinology-journals.org Mulholland et al. 2005) . Thus, the inhibition of GSK3, catalyzed by AKT in response to insulin, is essential not only in controlling glycogen metabolism but also in the regulation of protein synthesis, cell adhesion, differentation, and proliferation.
R129
A role for IR-A in mediating non-metabolic effects The Ir gene derives from an ancestor gene, whose duplication has given rise to both the Ir and the Igf1r genes (Brogiolo et al. 2001) . The receptors encoded by these two genes have high homology in their structure but different tissue distribution and different biological roles (Nakae et al. 2001) . While the IGF1R has the primary role in mediating body growth in response to pituitary GH, the IR has a central role in glucose homeostasis. However, these functional differences are especially evident in postnatal life, whereas IR and IGF1R have partially overlapping effects in prenatal life and in certain pathological conditions (Liu et al. 1993 , Accili et al. 1996 , Louvi et al. 1997 . Of the two isoforms of IR, one, isoform A or IR-A, has a major role in this overlap.
Physiological aspects
Development. Studies carried out on knockout mice indicate that both IR and IGF1R are required for optimal embryonic development and glucose metabolism (Liu et al. 1993 , Accili et al. 1996 . IR knockout mice are 25% smaller than control mice and show unimpaired glucose metabolism in prenatal life (Accili et al. 1996 , Louvi et al. 1997 , developing diabetic ketoacidosis only after birth. IR isoform expression is developmentally regulated and IR-A is predominantly expressed in embryo and fetal tissues (Giddings & Carnaghi 1992 , Frasca et al. 1999 . Therefore, IR-A has been termed 'the fetal IR isoform'. Recent evidence indicates that IR-A sustains chick embryo development in response to insulin/proinsulin (Morales et al. 1997) .
In humans, fetal hyperinsulinemia causes macrosomia, whereas insulin deficiency leads to impaired fetal growth, as indicated by infants with congenital diabetes that are small for gestational age. Taken together, these data suggest that IR-A has an important role in mediating growth during prenatal life in response to IGF2 and to proinsulin/insulin (Kaplan 1984) .
Postnatal life. In postnatal life, insulin is clearly a key regulator of metabolism by acting at the level of its target tissues, such as liver, adipose tissue, and skeletal muscle, organs that express high IR levels. The IR-B seems to be the most important isoform in mediating these metabolic effects as its relative abundance is w100% in liver, 80% in adipose tissue, and 50% in muscle (Moller et al. 1989 , Seino & Bell 1989 , Benecke et al. 1992 . However, IRs have also been found in many other tissues, including brain, hearth, kidney, pulmonary alveoli, pancreatic acini, placenta, vascular endothelium, monocytes, granulocytes, erythrocytes, and fibroblasts (Kaplan 1984) . These tissues express lower levels than classical target organs and generally have a higher proportion of IR-A, although data are scanty at this regard (Belfiore et al. 2009 ). The presence of IRs in tissues considered non-canonical targets of insulin metabolic effects suggests that insulin actually elicits non-metabolic effects in these tissues. These effects may include regulation of cell growth, survival, and differentiation, and others. For instance, neuronspecific IR knockout mice have shown a role for IR in the brain in the control of cognitive process, food intake, and reproduction (Kitamura et al. 2003 , Okamoto et al. 2004 . In pancreatic b-cells, IR plays a role in insulin secretion and possibly in cell survival (Kulkarni et al. 1999) . Moreover, specific IR inactivation in endothelial cells has revealed a role for IR in maintaining vascular tone (Vicent et al. 2003) . In vitro, the presence of IR-B has a differentiation effect in hematopoietic cells . Both IR-A and IR-B can be involved in these non-metabolic effects on the basis of their expression in different tissues and the specific effects that they mediate.
Functional characteristics of IR-A versus IR-B.
As previously mentioned, IR-A seems more involved than IR-B in mediating non-metabolic effects of insulin, at least during development. Some functional differences between the two isoforms with regard to insulin activation have emerged. For instance, the IR-A shows a faster internalization and recycling time (Vogt et al. 1991 , Yamaguchi et al. 1993 ) and may have a less efficient kinase activity (Kosaki et al. 1995) . In murine 32D cells, IR-A induces mitogenic and antiapoptotic signals and nuclear translocation of IRS1 , whereas IR-B induces cell differentiation but not IRS1 nuclear translocation . The endocytosis of both IR isoforms in living cells has recently been evaluated using confocal microscopy (Giudice et al. 2011) . This study has found a higher rate of endocytosis of IR-A compared with IR-B and has correlated these differences with preferential ERK1/2 response to insulin in cells expressing IR-A and preferential Akt response to insulin in cells expressing IR-B.
In pancreatic b cells, the two IR isoforms seem to be located to different membrane subdomains. If confirmed in other cell models, this may explain the divergent intracellular signaling and biological effects of the two isoforms (Leibiger et al. 2001 , Uhles et al. 2003 .
However, the major functional difference between IR-A and IR-B is represented by the different binding affinity with regard to IGF2 and IGF1. IGF2 binding affinity for IR-A cells is very high (ED 50 Z2.5 nM), whereas IGF2 binding affinity for IR-B is low (ED 50 O100 nM; Frasca et al. 1999) . Similarly, the affinity of IGF1 for IR-A is approximately tenfold higher than for IR-B, although 4-to 16-fold lower than that of IGF2 (Yamaguchi et al. 1993 , Benyoucef et al. 2007 .
The structure, tissue distribution, and ligand affinity of the two IR isoforms, compared with the IGF1R, are shown in Fig. 2 . Based on the previously mentioned evidence, we may consider IR-B a specific receptor of insulin predominantly implicated in metabolic effects (Fig. 3A) , whereas IR-A is a less specific receptor and also binds IGFs. Because of differences in ligand affinity, kinetics of activation and trafficking, IR-A, likewise IGF1R, mainly favors cell growth, proliferation, and survival (Fig. 3B) .
IR expression and function in cancer cells
Numerous in vitro and in vivo studies have now clearly established that insulin may affect tumor progression by acting through its own receptor and not by cross talking with the IGF1R, as previously thought (Milazzo et al. 1992 , Benoliel et al. 1997 . The presence of insulin binding sites was first reported in human breast cancer cells in culture (Osborne et al. 1978) . The availability of blocking monoclonal antibodies specific to the IR made it possible to formally demonstrate that insulin mediates growth via the IR in various breast cancer cell lines (Milazzo et al. 1992) . IR-A resulted the predominant isoform in most cancer cell lines (Sciacca et al. 1999) . IR overexpression either in 3T3 fibroblasts or in MCF10 human breast immortalized cells enhances cell proliferation in response to insulin and induces a ligand-dependent transformed phenotype (Giorgino et al. 1991 , Mastick et al. 1994 . In endothelial cells infected by Kaposi sarcoma-associated herpes virus, functional IR is essential for transformation (Rose et al. 2007) .
A prolonged IR phosphorylation in non-transfected cells can be obtained with certain insulin analogs that have the ability of binding to the IR with a low Endocrine-Related Cancer (2011) 18 R125-R147 www.endocrinology-journals.org R131 dissociation rate. Therefore, they induce receptorligand complexes with increased half-life. The most studied of these analogs, AspB10, was shown to enhance cell proliferation (Ish-Shalom et al. 1997 , De Meyts & Shymko 2000 and development of mammary tumors in mice (Drejer 1992) . Further evidence that insulin induces growth and other biological effects through the IR have been obtained in various neoplastic cells, which express IRs but non-functional IGF1R levels, such as human myosarcoma cells SKUT1 , colon cancer cells (LoVo; Jones et al. 2006) , and murine T-cell lymphoma cell line (LB cells; Pillemer et al. 1992 , Sharon et al. 1993 .
However, the presence of a high IR content is not a sufficient prerequisite for responsiveness to insulin. For instance, MDA-MB231 breast cancer cells express high levels of ectonucleotide pyrophosphatase/ phosphodiesterase (PC1/ENPP1), which induces selective insulin insensitivity in spite of high numbers of IR-A (Costantino et al. 1993 , Belfiore et al. 1996 . Although the relative activity of PC1/ENPP1 toward each of the two IR isoforms has not been addressed by specific studies, it has been shown that PC1/ENPP1 is also involved in regulating systemic insulin sensitivity at the level of muscle and liver (Zhou et al. 2009 ). Further studies need to be performed in order to evaluate whether PC1/ENPP1 expression may be considered a marker of IR activity in cancer cells.
In line with in vitro data, the animal models recapitulating mammary carcinogenesis in diabetic mice strongly support the biological and clinical relevance of IR. Breast tumor tissues extracted from diabetic mice reveal high IR levels and markedly increase IR phosphorylation . IR abundance and its phosphorylation status are positively related to poor survival (Mathieu et al. 1997 , Law et al. 2008 .
Taken together, these data firmly establish that IRs mediate non-metabolic effects in cancer cells both in vitro and in vivo. The degree of these effects may depend on IR expression levels, IR-A relative abundance, and the integrity of the intracellular machinery that mediate the intracellular IR signaling, as well as the expression levels of endogenous IR inhibitors, such as PC1/ENPP1. IR-A activation in cancer by deregulated autocrine and paracrine production of IGFs As IR overexpression is a common feature of most malignancies, the question arises as to whether and how it contributes to the activation of the IGF system in addition to IGF1R, which is often concomitantly overexpressed. The answers to these questions are particularly relevant as IGF1R, but not IR, has been chosen as a molecular target of anticancer therapies. In this review, we will describe some molecular mechanisms that may help answer these questions.
Autocrine/paracrine IGFs production in cancer and receptor binding. It is well established that both IGF1 and IGF2 are expressed at high levels in a variety of malignancies and function in an autocrine and/or paracrine manner (Samani et al. 2007) . In breast and prostate cancer, IGF2 is expressed both by the malignant cells and by the stromal cells adjacent to epithelial malignant cells (Tennant et al. 1996 , Rasmussen & Cullen 1998 . High levels of IGF2 in the primary tumor have been shown to be predictive of metastases in colorectal (Hakam et al. 1999 ) and adrenal cortical carcinomas (Gicquel et al. 2001) and to be associated with cancer dedifferentiation in thyroid cancer (Vella et al. 2002) . Sarcomas (osteosarcomas, myosarcomas, fibrosarcomas, and Ewing's sarcoma) also express high levels of IGF2 both in vitro and in vivo . Autocrine IGF1 plays a role in colon (Michell et al. 1997 ) and prostate cancer (DiGiovanni et al. 2000) and in Ewing's sarcoma (Strammiello et al. 2003) . IGF1 may also be produced by cancer stroma (Samani et al. 2007) .
As previously mentioned, IGF1 binds with very high affinity not only to IGF1R but also to IR/IGF1R hybrid receptors (EC 50 Z1.0 nM), whereas IGF2 binds to both IGF1R and IR-A with a lower affinity (EC 50 Z10 nM for both receptors). Depending on receptor subtype expression and IGF2 versus IGF1 local availability, a variety of conditions may be envisaged. For instance, if IR-A and IGF1R are concomitantly overexpressed and IGF1 and IGF2 are present in similar molar concentrations, IGF1 will mostly bind and activate its highest affinity receptors (IGF1R and IR/IGF1R), whereas IGF2 will mostly signal through the IR-A, because its binding to the IGF1R is displaced by IGF1. However, if the local IGFs concentration is strongly in favor of IGF2, we can assume that IGF2 can also partially signal through IGF1R and IR/IGF1R hybrids besides binding to IR-A. In the case IGF1 is by far the predominant IGF available to cancer cells, the possibility exists that it may cross talk through the overexpressed low-affinity IR-A, besides binding to its high-affinity receptors (IGF1R and IR/IGF1R hybrids; Fig. 4 ).
Given that IR-A and IGFs are commonly overexpressed in cancer (Table 1) , it seems reasonable to assume that the IR-A, and not the IGF1R, is the principal target of IGF2 in many cancers. In hyperinsulinemic patients, circulating insulin may stimulate both IR isoforms, although, in the presence of a molar excess of IGF2, insulin is expected to mainly stimulate the IR-B.
Signaling pathways activated by IGF2 binding to IR-A. Current evidence indicate that signaling pathways and biological effects elicited by IR-A activation in response to IGFs are subtly different than those in response to insulin. In the case that both IGF1 and IGF2 are locally expressed, IGF2 is expected to bind mainly to IR-A because IGF1R and hybrid receptors (HRs) are expected to be saturated by the higher affinity ligand IGF1. (B) In the case that only IGF2 is locally expressed, IGF2 is expected to bind not only to IR-A but also to IGF1R and HRs, all receptors with similar affinity for this ligand. (C) In the case that only IGF1 is locally expressed, IGF1 is expected to bind both to IGF1R and HRs and, possibly also to the lower affinity receptor IR-A. For simplicity, circulating IGFs were not considered. However, they are expected to play a minor role in the presence of high concentrations of locally produced IGFs. The concentration of circulating insulin may widely vary in relation to the degree of insulin sensitivity of the patient.
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In mouse fibroblasts expressing only IR-A (R-/IR-A cells) and not IR-B or IGF1R, IGF2 is a more potent mitogen than insulin itself, although retaining a poor metabolic effect (Frasca et al. 1999) . In SKUT1 human rhabdomyosarcoma cells, which lack functional IGF1R and express almost only IR-A, IGF2 stimulates cell chemotaxis more potently than insulin . Moreover, the global profile of gene expression elicited by IGF2 and insulin in R-/IR-A is partially different (Pandini et al. 2003) , with IGF2 being more potent than insulin in regulating certain genes (Pandini et al. 2003) . Although the signaling pathways responsible of this unique biological response after IR-A activation by IGF2 are not completely understood, some molecular mechanisms are starting to be elucidated.
Using R-/IR-A cells, which represent a suitable model to study the effect of IGFs on IR-A, we found that IGF2 elicits a peculiar signaling pattern characterized by high p70S6K and ERK1/2 response, which reach levels similar to those after insulin; despite, IR-A autophosphorylation is w50% lower. However, Akt activation is lower after IGF2 than after insulin (Sacco et al. 2009 ). For explaining these different signaling effects, four possible mechanisms have been considered. First, IGF2 appears to shift the balance of phosphorylation from IRS1 to IRS2 compared to insulin (Sacco et al. 2009 ). The differential involvement of these two IRS proteins may affect the shift in the balance of p70S6K/Akt activation because of their different trafficking and non-overlapping affinity toward intracellular substrates.
Secondly, more recently, by using a quantitative proteomics approach with R-/IR-A cells, we were able to perform an unbiased analysis of intracellular mediators recruited to tyrosine phosphorylated protein complexes on insulin or IGF2 binding to the IR-A. Data showed that several intracellular mediators were differentially recruited to phosphotyrosine protein complexes associated to the activated IR-A. Interestingly, IGF2 affected the activation of several intracellular mediators more strongly than insulin itself (Morcavallo et al., 2011) . Thirdly, IGF2, because of its weaker IR-A stimulation, has a limited ability to activate a PKC-dependent negative feedback involved in signal termination and PKCz, an atypical PKC, may have a role in this mechanism (Sacco et al. 2009 ). Fourth, differential IR-A and IRS proteins trafficking may strongly contribute to the differential signaling activation between IGF2 and insulin. We recently found that IR-A internalization after IGF2 was much weaker than after insulin and that IRS1 was downregulated after prolonged insulin exposure but not (Denley et al. 2007 ) and, similarly to IGF2, affect the balance of intracellular signaling in favor of ERK1/2 and p70S6K activation over Akt activation (Sacco et al. 2009 ).
A possible role for IR-A in cancer stem cell biology and regulation of cell differentiation Recently, the findings that most cancers contain malignant stem cells has led to the hypothesis that those malignancies may originate from a small subset of non-differentiated stem/progenitor cells that undergo transformation. Malignant transformation of adult stem cells or progenitors occurs through the dysregulation of the normally tightly regulated selfrenewal program. Cancer stem cells have unlimited ability of self-renewal and may drive tumor growth and progression. These cells may also be responsible for resistance to conventional anticancer therapies and for the metastatic spread (Wicha et al. 2006) . The molecular mechanisms and the signaling pathways that control stem cell self-renewal remain largely unknown. Recent studies support a role of insulin/IGFs pathway in the biology of progenitor/stem cells. In human embryonic stem (ES) cells, self-renewal and pluripotency depend on IGF2 production by human-ES cellderived fibroblast-like cells that act as a supportive niche (Bendall et al. 2007 ). Other research groups have confirmed the important role of IGFs for a variety of stem/progenitor cells (McDevitt et al. 2005 , Yan et al. 2006 , Stachelscheid et al. 2008 . Interestingly, cord levels of IGFs in the newborn are positively associated with the total number of stem cells and with future cancer risk (Savarese et al. 2007) . In mouse ES cells, the IR/IGF1R substrate IRS1 is a critical component of the self-renewing program (Rubin et al. 2007) .
Recently, we found evidence that IR isoform balance has a critical role in the regulation of stemness and differentiation in stem/progenitors cells from human thyroid. These cells represent a small minority (!1%) of the entire thyroid follicular cell population and can be isolated by culturing them as non-adherent spheres (thyrospheres). In human thyrospheres, we found that IR and IGF1R were markedly overexpressed and with a higher IR:IGF1R ratio compared with primary cultures. The IR:IGF1R ratio was also higher in cancer than in normal thyrospheres. IR-A relative abundance was associated with characteristics of stemness and with cancer: it ranged 65-86% in cancer thyrospheres, 50-65% in normal thyrospheres, and 40-45% in normal thyroid primary cultures or differentiated spherederived thyrocytes (Malaguarnera et al. 2011 ; Fig. 5A ).
Both IGF1 and IGF2 were produced at high levels by thyrospheres. However, the IGF1:IGF2 ratio was w5:1 Endocrine-Related Cancer (2011) 18 R125-R147
www.endocrinology-journals.org R135 in normal thyrospheres, whereas it was 1:1 in cancer thyrospheres (Fig. 5B) . In cancer thyrospheres IGF1, IGF2 and insulin were able to stimulate sphere volume, but only IGF2 influenced self-renewal, measured as cancer thyrosphere ability to give rise to a second generation of spheres (Malaguarnera et al. 2011) . Normal thyrospheres could be induced to differentiate. IR and IGF1R, as well as their ligands, sharply declined with differentiation.
Taken together, these data suggest that the IGF2/ IR-A pathway plays a critical role in self-renewal of thyroid cancer stem/progenitor cells, although the IGF1/IGF1R pathway is important for processes implicated in sphere volume. Moreover, a high IR-A:IR-B ratio was associated with cell stemness, whereas a decrease in IR-A:IR-B ratio was associated with cell differentiation. Consistent with these data, we previously found that the IR-A:IR-B ratio in thyroid carcinomas increases with tumor dedifferentiation (Vella et al. 2002) .
Decrease in the IR-A:IR-B ratio has been associated with changes in cell differentiation in other model systems, as in brown preadipocytes (Entingh et al. 2003) , in murine hemopoietic cells (32D; Sciacca et al. 2003) , in 3T3-L1 cells (Kosaki & Webster 1993) , and in human hepatoblastoma cells (HepG2 cells; Kosaki & Webster 1993 . Taken together, these data suggest that IR-A overexpression in cancer is associated with de-differentiation and stem-like features. The relationship between IR isoforms and cell differentiation may be bidirectional. In fact, previous data in 32D cells indicate that IR-A transfection preferentially induces mitogenic and antiapoptotic signals, whereas IR-B predominantly induces cell differentiation ). The molecular mechanisms by which cell stemness and dedifferentiation are associated with IR-A overexpression are unclear. Moreover, how the two IR isoforms may have opposite effects on cell differentiation is also unclear and is probably due to subtle different intracellular signaling of the two isoforms (Leibiger et al. 2001) .
Therapeutical implications of IR involvement in cancer Diabetes treatment and cancer risk
As mentioned before, several epidemiological studies and meta-analyses have clearly shown increased cancer risk in T2DM patients and suggest a similar risk also for T1DM patients. This increased risk is attributed to the long-term exposure to elevated insulin concentrations, which in T2DM patients come from insulin resistance, whereas in T1DM, from exogenous insulin administration. Long-standing T2DM may also require insulin treatment. However, exogenous insulins not only do not closely mimic endogenous insulin secretion but also arrive to peripheral tissues and liver at the same time and at similar concentrations (two-to five-fold higher than normal endogenous peripheral levels; Ferrannini & Cobelli 1987) . Therefore, diabetes duration, insulin requirement, and co-morbidities may all affect cancer risk.
However, little is known about how antidiabetic drugs may affect cancer risk. These drugs may either increase (e.g. exogenous insulins and sulfonylureas) or decrease (e.g. metformin and thiazolidinediones) circulating insulin levels.
The recent use of insulin analogs has led to some concerns about their potential cancer risk. Currently, three short acting analogs (lispro, aspart, and glulisine) and two long acting analogs (glargine and detemir) are used. The insulin lispro shows an increased affinity for IGF1R and a reduced affinity for IR-A compared with native insulin, but its mitogenic response is similar to that of insulin. The analog aspart is more potent than native insulin in inducing proliferative effects in vitro, whereas the insulin glulisine does not promote any growth advantage to non-malignant mammary cells comparing to the native insulin (Stammberger et al. 2006) . Clinical studies on cancer risk in diabetic patients have not focused on the use of these analogs. Regarding to the long-acting insulin analogs (glargine and detemir), some data indicate that glargine or both of them exerts a higher mitogenic effect than native insulin for the preferential activation of ERK pathway, especially in presence of aberrant IR-A expression (Caceres et al. 1994 , Kurtzhals et al. 2000 , Mayer et al. 2008 ). Glargine appears to have a higher affinity to IGF1R than native insulin (Kurtzhals et al. 2000 , Mayer et al. 2008 . However, when administered in vivo, glargine is rapidly metabolized to compounds M1 and M2 with a mitogenic:metabolic ratio similar to that of native insulin (Sommerfeld et al. 2010) . The association between insulin glargine and cancer has been addressed in four retrospective clinical trials, three of which indicate that treatment with this type of insulin might be associated with increased cancer risk compared to native insulin. However, these data are controversial and difficult to interpret also for the presence of bias and confounders (Colhoun 2009 , Hemkens et al. 2009 ). If hyperinsulinemia plays a role in increasing cancer risk and progression in diabetic patients, it is reasonable to expect that the secretagogues, sulfonylureas, increasing insulin secretion, and A Belfiore and R Malaguarnera: IR and cancer www.endocrinology-journals.org R136 circulating insulin levels, may also have deleterious effects on cancer. In support of this hypothesis, a retrospective study has shown that T2DM patients exposed to sulfonylureas have a significantly increased risk of cancer-related mortality compared with patients exposed to metformin (Bowker et al. 2006 ). Yet, it appears that the different classes of sulfonylureas exert differential effects on carcinogenesis (Monami et al. 2007 ). In particular, glibenclamide was found to be associated with increased incidence of malignancies, whereas gliclazide exerted a protective effect, probably for its antioxidant actions (Monami et al. 2009 ).
GLP1 analogs and gliptins, both insulin secretion modulators, are the most recent drugs for diabetes treatment, and so far, no data are available on their potential association with cancer risk in diabetic patients.
Biguanides and thiazolidinediones, two classes of antidiabetic drugs, are insulin sensitizers and their use leads to some reduction of insulin levels. Several studies have evaluated the effects of metformin, the only biguanide approved for clinical use. Studies in animal models suggest that the administration of metformin is associated with a reduction in cancer risk (Schneider et al. 2001 , Hawley et al. 2003 . Evans et al. (2005) have reported a reduction in cancer risk (ODZ0.86) in patients with T2DM taking metformin compared with untreated patients. The protective effect of metformin was also confirmed by different population-based cohort studies demonstrating a significantly reduced risk of cancer-related mortality and cancer incidence in T2DM patients exposed to metformin compared with those treated with sulfonylureas or insulin (Johnson et al. 2002 , Bowker et al. 2006 , Monami et al. 2009 ). These data are in accordance with the in vitro results showing that metformin inhibits breast cancer cell proliferation, colony formation, and cell cycle progression (Alimova et al. 2009 ). The pleiotropic mechanisms of action of metformin explaining its anticancer effects include the ability to reduce insulin resistance, especially at hepatic level, and, as consequence, to decrease hyperinsulinemia and to stimulate the tumor suppressor LKB1 and its downstream effector, AMPK, which reduces the proliferative effects of insulin and IGFs (McCarty 2004 , Ruderman & Prentki 2004 .
The second class of insulin sensitizers includes the thiazolidinediones. Their potential influence on the association between diabetes and cancer is more controversial. Potential anticancer effects have been reported in several in vitro and in vivo studies (Aiello et al. 2006 , Govindarajan et al. 2007 , Monami et al. 2008 . However, in some cell contexts, thiazolidinediones may induce proliferative responses (Ramos-Nino et al. 2007 ).
In conclusion, most studies conducted on the possible effects of antidiabetic drugs on cancer risk are difficult to interpret for the presence of bias and confounders and further data need to be collected. So far, clinical and experimental evidence suggests that metformin, either in monotherapy or in combination with other antidiabetic agents, should be recommended to lower cancer risk.
IR and resistance to anticancer treatments
Although recent data support an important role of IR in cancer progression and in promoting resistance to both conventional and targeted anticancer treatments, the consideration of IR as a therapeutical target is just emerging. So far, studies aiming to target the IGF axis in cancer have especially focused on the closely related IGF1R, which is considered the receptor of this axis more directly involved in growth and transformation. In fact, IGF1R is also often overexpressed in cancer and is considered to have a dispensable trophic role in adult differentiated cells (Baserga et al. 1997 (Baserga et al. , 2003 .
However, the potential importance of IR as a cancer target has being recently re-evaluated after the relatively disappointing results obtained with IGF1R blockade. Many clinical trials with anti-IGF1R blocking antibodies have shown that the activity of these agents is generally modest and only few malignancies show an objective response (Hofmann & Garcia-Echeverria 2005) . Responsive neoplasias include w10% of Ewing's sarcoma cells and a small subset of non-small cell lung cancers (NSCLC) (Scotlandi 2006 , Moro-Sibilot et al. 2010 . No biological markers are currently available to identify responsive patients. However, enhanced IR activity seems a common mechanism of resistance.
Increased IR-mediated IRS1/Grb2/Erk/Akt activity (Mur et al. 2002 , Fulzele et al. 2007 ) and enhanced IR-A homodimer formation (Zhang et al. 2007 ) have been described in cells subjected to IGF1R blockade. Recently, we have demonstrated a role for IR-A in eliciting intrinsic and adaptive resistance to anti-IGF1R therapies in Ewing's sarcomas. Cells that have developed resistance to specific IGF1R inhibitors, either antibodies or tyrosine kinase inhibitors, showed enhanced IR-A homodimers and/or IGF2 production. These resistant cells thus switch from IGF1/IGF1R to IGF2/IR-A dependency to maintain sustained activation of proliferation, migration, and metastasis ).
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These findings provide proof of concept that cancers with high basal levels of IR-A and IGF2, especially if with a high IR-A:IGF1R ratio, are expected to be resistant to anti-IGF1R agents. These agents may even exert an adverse effect, as they block the IGF1 feedback at pituitary level and cause GH-induced insulin resistance and hyperinsulinemia, which, in turn, contributes to IR-A activation (Haluska et al. 2006) . It is noteworthy that other anticancer therapies, such as antiandrogens and antiestrogens, may also induce insulin resistance and hyperinsulinemia (Bruno et al. 2005 , Thurlimann et al. 2005 , Redig & Munshi 2010 .
For instance, androgen deprivation therapy promotes accumulation of subcutaneous abdominal fat (Smith et al. 2002) and decreased insulin sensitivity (Smith et al. 2001) , thus increasing the risk of developing T2DM (hazard ratioZ1. 16-1.28; Alibhai et al. 2009 , Keating et al. 2010 . As insulin resistance and T2DM are associated with an increased risk for cancer and/or a worse cancer prognosis, we may hypothesize that the beneficial effect of various anticancer therapies may be somewhat diminished in patients developing insulin resistance and hyperinsulinemia. These patients might also become at risk for the development of a second malignancy. However, the concern for the adverse metabolic effects of certain anticancer therapies is very recent and further work is needed to define the full oncologic implications of cancer therapy-associated metabolic derangements.
Aberrant IR-A expression may also mediate cancer resistance to other targeted therapies, such as the EGFR inhibitor, gefitinib (Jones et al. 2006) , and to mTOR inhibitors (Tamburini et al. 2008) .
However, a suitable approach for a target therapy to the IR is still lacking and looks particularly challenging because of the vital role of IR in glucose metabolism. Possible strategies are listed in Table 2 . IR-A may be blocked by small molecules with non-selective tyrosine kinase inhibiting activity for both IGF1R and IR, such as BMS-554417 (Haluska et al. 2006) . However, this treatment causes marked insulin resistance and hyperinsulinemia, thus the final effect on IR-A overexpressing tumors is uncertain (Haluska et al. 2006) . Drugs specifically blocking IR-A generation by interfering with specific RNA splicing factors or by blocking unique components of the IR-A/ IGF2 signaling pathway may be effective. However, splicing factors involved in the preferential IR-A generation in cancer cells are still uncharacterized. Intracellular substrates specifically or predominantly activated by this pathway are starting to be identified and characterized (Morcavallo et al., 2011) . Insulin analogs with blocking activity for the mitogenic branch of IR-A could, in theory, be designed (Jensen et al. 2007 , Jiracek et al. 2010 . Another suitable strategy may be represented by the development of antibodies against IGF1 and IGF2. These antibodies have the advantage to inhibit IGF signaling through both the IGF1R and the IR-A pathways. This approach is not new (Miyamoto et al. 2005 , Feng et al. 2006 but only very recently has been adequately pursued, with promising inhibitory effects on in vivo growth of IGF1-or IGF2-driven tumors (Gao et al. 2011) . The recent finding that both IR and IGF1R belong to the family of dependence receptors also holds promise for the possible development of innovative therapies (Boucher et al. 2010) . According to these findings, although ligand-stimulated receptors block apoptosis, unliganded IR and IGF1R exert a permissive effect on cell death. This mechanism does not require tyrosine kinase activity and is probably mediated by unknown partners of unliganded receptors. Hopefully, it could be possible to find a way to turn overexpressed IR-A into proapoptotic molecules. It remains to be ascertained whether anti-IGFs blocking antibodies could unveil this proapoptotic effect of overexpressed receptors by preventing binding. Another possible approach could exploit the peculiarity of IR-A trafficking after IGF2 binding. If significant differences exist between IGF2 and insulin with regard to receptor internalization, recycling, and degradation, it could be hypothesized to use these differences to selectively target IR-A activation and signaling after IGF2. Our recent findings strongly suggest that IR-A trafficking between In conclusion, it has become clear that activation of the IGF axis is a crucial aspect of cancer promotion and that aberrant activation of the IR-A/IGF2 loop is the ultimate strategy for cancer cells to benefit of the overactivation of this axis. This loop is particularly difficult to target because of the metabolic function of the IR, which is vital for both normal and cancer cells.
Conclusions and perspectives
The physiological control of glucose metabolism requires phasic insulin secretion in response to nutrients and selective high expression of IR in insulin target organs together with highly specific IR binding to insulin. Whenever one or more than one of these levels of regulation are disrupted, the mitogenic and antiapoptotic effect of IR is enhanced and may promote cancer. Sustained hyperinsulinemia on one side and aberrant IR overexpression and/or altered IR mRNA splicing on the other side are, therefore, associated with cancer initiation and promotion. Overexpression of IR-A and IR/IGF1R hybrid receptors containing IR-A, receptors with broad ligand specificity, makes cancer cells responsive to both insulin and locally produced IGFs.
This emerging scenario has several implications for cancer prevention and treatment. First, systemic disorders, such as obesity, diabetes, and metabolic syndrome, should be considered not only cardiovascular risk factors but also cancer risk factors. Secondly, antidiabetic drugs should ameliorate and not worsen hyperinsulinemia. Thirdly, the mitogenic:metabolic ratio of modified insulins should be extensively tested. Fourth, we should be aware that any therapeutic agent inducing insulin resistance might also increase cancer risk or resistance to anticancer treatments. Future anticancer strategies, aimed to block IGF axis overactivation in cancer, need now to consider new approaches to safely target IR-A activation.
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